We report on the single crystal growth of the ferromagnetic Kondo lattice system CeRuPO using a Sn flux method. Magnetic susceptibility and electrical resistivity measurements indicate strong anisotropy of this structurally layered compound. They evidence that the magnetic moments order ferromagnetically along the c-direction of the tetragonal unit cell, whereas the crystal electric field (CEF) anisotropy favors the ab-plane. Therefore, CeRuPO presents the unusual case within rare earth systems, where the anisotropy of the interionic exchange interaction overcomes the single ion anisotropy due to the CEF interaction.
Introduction
Intermetallic Kondo lattice systems have attracted considerable attention in the last decades. While many Ce-based Kondo lattices show antiferromagnetic (AFM) ground states, only very few systems are known with ferromagnetic (FM) order and pronounced Kondo effects. Therefore, new FM Kondo lattice systems have to be found to study the underlying physics in more detail.
Recently, we reported on the physical properties of polycrystalline CeRuPO, [1] which seems to be one of the rare example of a FM Kondo lattice system (T K ∼ 10 K, T C = 15 K). This compound, at the border between intermetallic and oxide compounds, crystallizes with the tetragonal ZrCuSiAs type structure, which consists of alternating layers of RuP 4 and OCe 4 tetrahedra. [2] The results of LDA calculations indicate a strong two-dimensional (2D) character of the Fermi surface, therefore the anisotropy of the magnetic and electronic properties are of high interest. However, the synthesis of this material is difficult, due to the high vapor pressure of phosphorus and the control of oxygen.
The preparation of high quality single crystals is one of the key issues to study in detail the anisotropy and to understand the underlying physical interactions. In this contribution we will present the growth of CeRuPO single crystals from Sn flux and the study of the magnetic anisotropy by means of magnetic susceptibility χ(T ) and electrical resistivity ρ(T ) measurements.
Two different kinds of anisotropies determines the magnetic properties of a solid. The most obvious one is that related to the different x, y and z components of the magnetic moment. It induced e.g. an anisotropy with respect to the direction of an applied external field and is therefore comparably easy to address. The second one is connected with different exchanges along different directions within the crystal structure, and can generally only be investigated with Q (momentum) dependent methods, like e.g. neutron scattering. In the present paper we shall only address the former one. In magnetic rare earth systems, this anisotropy is usually determined by the single ion anisotropy induced by the crystal electric field (CEF), which is generally quite strong and lead to a pronounced anisotropy of the magnetic susceptibility. In the case of Ce 3+ in a tetragonal environment, the CEF splits the spin orbit J = 5 2 multiplet into 3 Kramers doublets, which can present either a strong Ising type, an easy plane or a Heisenberg behavior depending on the CEF parameters. In contrast, the contribution to this anisotropy originating from difference in the exchange parameters for the different x, y, and z component of the magnetic moment, is usually negligible in these rare earth magnetic systems. Our results demonstrate that in CeRuPO this contribution is larger than the effect of the CEF, and determines the orientation of the spontaneous FM moment.
Experimental procedure
Recently, we described the preparation of polycrystalline (PC) samples using a Sn-flux method in evacuated quartz tubes. [1] , [3] With quartz tubes the temperature range is restricted to 1000 • C. It turned out that within this temperature it is not possible to get single crystals (SC) large enough for physical characterization. One reason might be that the liquidus temperature of CeRuPO, at the formerly used 82 at% Sn-concentration, is above 1000
Therefore, we slightly changed the preparation route to achieve higher tem- As a side product, we also got SC of CeRu 2 P 2 and Ce 3 Ru 4 Sn 13 , the physical properties of these new Ce-based systems will be discussed elsewhere.
[4]
Several SC were investigated with electron-microprobe and energy dispersive X-ray (EDX) analysis, no foreign phases could be detected. A typical EDX spectrum is shown in Fig. 2 . All lines could be assigned to Ce, Ru, P, or O and a quantitative analysis reveals a stoichiometric Ce:Ru:P content. The presence of oxygen is confirmed by the K α peak at 0.53 keV; however, a quantitative analysis of this oxygen peak failed because the contribution to the spectrum is too weak, compared to the heavier elements.
X-ray diffraction (XRD) patterns were recorded on a Stoe diffractometer in both transmission and reflection mode using a monochromated Cu-K α radiation (λ = 1.5406Å). Magnetic measurements were performed in the temperature range from 2 − 300 K in a commercial Quantum Design (QD) mag-netic property measurement system (MPMS) equipped with an RSO option.
AC-transport resistivity measurements were carried out in a standard fourprobe geometry using a commercial QD physical property measurement system (PPMS).
Results and Discussion
To determine the crystal lattice parameters of the SC, we performed XRD measurements in transmission mode on 4 powdered SC. The intensity of the resulting XRD pattern was low, due to the small amount of powdered SC. The lattice parameters refined by simple least square fitting, a = 4.027(3)Å and c = 8.26(1)Å are in good agreement with the reported single crystal data [2] and also with our PC samples. [1] However, the accuracy of this fit was poor, indicated by the larger errors of the calculated lattice parameters. Therefore, we performed a reflection experiment on a SC to determine the c parameter more accurately. The idea behind this experiment was to check the oxygen occupation between the Ce layers, because it was shown that the introduction of hydrogen in the closely related CeFeSi structure leads to a large change of the c parameter. CeFeSiH, we conclude no large difference in the oxygen occupancy between PC samples and SC in CeRuPO. In PC samples we have shown a stoichiometric oxygen occupancy using carrier gas-hot extraction, thus our present analysis evidences also a stoichiometric oxygen occupancy in the SC of CeRuPO.
To study the magnetic anisotropy of CeRuPO, we have performed dc-magnetization measurements on a SC for H ⊥ c and H c. A large anisotropy is evident from Fig. 4 , where we show the magnetization measurements in the 
where B 
It is now possible to determine the ground state wave function by comparing the theoretical values of the saturated moment with the experimental data for the two different directions. We found that the ground state is the Γ 6 wave function and the excited states are the two Γ 7 eigenstates, because for this configuration the saturation moment along z is µ
and µ
is the Landé factor for Ce 3+ )
which is in very good agreement with the experimental obtained values for the two different field directions. If one assumes one of the Γ 7 as the ground state, the maximal value of µ
well below the experimental µ The anomaly in the resistivity at the FM ordering temperature is visible in Fig. 7 , where the temperature dependence of the derivative of the resistivity, ∂ρ/∂T vs. T is plotted for two different samples with the magnetic field parallel and perpendicular to the c-direction. We have shown previously on the PC samples that ∂ρ/∂T (T, H) behaves similar to the temperature and field dependence of the specific heat and can be therefore taken as a direct measure of the development of the FM order. In the upper panel of Fig. 7 the magnetic field is applied along the c-direction, whereas current is flowing within the ab-plane. For µ 0 H = 0, ∂ρ/∂T present a sharp peak at T = 13 K which broadens and shifts to higher temperatures with increasing magnetic field. For µ 0 H = 7 T the peak is situated at 16.5 K. The field dependence is stronger for field applied within the ab-plane (see lower panel of Fig. 7 ). There the peak shifts from 13 K at zero field to 20 K for µ 0 H = 7 T. An increase of T C with magnetic field is expected for a FM, since the external field is supporting the exchange field. The stronger increase for field along the basal plane compared to field along the c-axis can be related to the higher saturation moment in the basal plane, which leads to a larger free energy gain in the external magnetic field.
We now discuss the small difference in T C of the SC compared to our previous study on PC samples (T The direction perpendicular to the surface is parallel to the crystallographic c-direction. 0.5k It shifts to higher temperatures with applied magnetic field.
